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ATLAS-CEN'I'ATJR FLIGHT AC-4 COAST-PHASE PROPELLANT AND VMICLE BEHAVIOR 

by Steven V. Szabo, Jr., W i l l i a m  A. Groesbeck, Kenneth W. Baud, 
Andrew J. Stofan, Theodore W. Porada, and Frederick C.  Yeh 

Lewis  Research Center 

SUMMARY 

The Atlas-Centaur f l i g h t  AC-4 w a s  the fourth i n  a s e r i e s  of research and 

A coast-phase experiment was 
development f l i g h t s .  
j ec t ion  i n t o  a 90 nautical-mile c i r cu la r  orb i t .  
planned t o  evaluate control led venting of t he  hydrogen tank, a second engine 
start a t  t h e  end of t he  coast  period, and a turnaround and retromaneuver t o  s i m -  
u l a t e  separat ion from the spacecraf t .  

The f l i g h t  sequence included a 25-minute coast  a f t e r  i n -  

Pa r t s  of t h e  coast-phase experiment were not accomplished pr imari ly  because 
of an uncontrolled propel lant  behavior excited by vehicle  disturbances a t  the  
f i rs t  Centaur main engine cutoff .  The combined e f f e c t s  of engine shutdown 
t r ans i en t s ,  vehic le  dynamics, and other energy inputs  t o  the propel lants ,  i n -  
duced a forward displacement and c i r cu la t ion  of t h e  l i q u i d  res idua ls  within the  
tank. Viscous damping of t he  l i q u i d  hydrogen was i n s u f f i c i e n t  t o  d i s s ipa t e  the  
propel lant  k i n e t i c  energy, and the  propel lant  s e t t l i n g  motor t h rus t ,  producing 
an a r t i f i c i a l  g rav i ty  l e v e l  of about 3~10'~ g, w a s  inadequate t o  prevent l i q -  
u i d  motion (due t o  k ine t i c  energy) from covering the  vent opening a t  the  "for-  
ward" end of the  hydrogen tank. Fai lure  t o  s e t t l e  the  l i q u i d  hydrogen a t  t h e  
t i m e  of venting r e su l t ed  i n  venting of mixed-phase or l i q u i d  flow, which, on ex- 
panding from the  vent e x i t s ,  produced high impingement forces  i n  excess of the 
a t t i t u d e  con t ro l  system capabi l i ty ,  and the vehicle tumbled out  of control .  
Continued tumbling centr i f iged the  l i q u i d  hydrogen t o  the  forward end of the  
tank. Subsequent venting of the  l i q u i d  hydrogen t o  maintain tank pressures 
depleted t h e  r e s idua l  and prevented accomplishment of the  remaining coast-phase 
experiments. 

INTRODUCTION 

The advent of cryogenic propel lants  f o r  upper s tage space vehicles  with 
missions requi r ing  extended periods of coast  and multiple engine r e s t a r t s  i n  a 
near-zero-gravity environment has brought t o  the foref ront  t h e  important problem 
of coast-phase propel lant  management . This poses a pzr t i cu la r ly  acute problem 
with cryogenics because of the  need t o  vent and r e l i eve  tank pressures period- 
i c a l l y .  
t o  prevent entrainment of l i q u i d  i n  t h e  vent flows a r i s e s .  

I n  turn,  t he  problem of maintaining propellants away from vent ou t l e t s  
Entrainment of l i q -  



u id  i n  vent flows, or  l i q u i d  venting, depletes  ava i lab le  propel lan ts  f o r  mission 
requirements and produces complexities i n  the design of t r u e  nonpropulsive and 
balanced vent systems. 

Much work has been done t o  da t e  on the  behavior of cryogenic and other  pro- 
pe l lan ts  i n  near-zero-gravity conditions produced f o r  sho r t  periods i n  drop 
towers and scale-model f l i g h t  t e s t s  (e.g., refs. 1 t o  5). This work has pro- 
duced much valuable data  on fundamental l a w s  and sca l ing  parameters f o r  model 
work. This e f f o r t ,  however, has not shown the  in t e rac t ion  between forces ,  en- 
e rg ies ,  and t r ans i en t s  pecul iar  t o  a given configuration of operating hardware 
i n  a fu l l - sca le  space vehicle .  

The Atlas-Centaur vehicle  AC-4 launched from Cape Kennedy on December 11, 
1964, provided data giving much ins igh t  t o  the  near-zero-gravity behavior of a 
cryogenic i n  a f u l l - s c a l e  space vehicle .  For the  f i rs t  time, the  Centaur en- 
gines were planned t o  be r e s t a r t e d  f o r  a shor t  durat ion burn. 

DISCUSSION AND ANALYSIS OF FLIGHT DATA 

A corre la t ion  of the  post-MECO (main engine c u t o f f )  coast-phase events are 
presented i n  the  following chronological sequence: 

(1) F i r s t  MECO ( T  + 572.8 s e c )  t o  s tar t  of hydrogen venting ( T  + 840 sec )  
(where T + 0 = l i f t - o f f  of veh ic l e )  

( 2 )  First-phase hydrogen venting (T + 840 s e c )  t o  l o s s  of telemetry 
( T  + ll.00 s e c )  

( 3 )  Acquisit ion of data  (T + 1225 s e c )  t o  complete hydrogen venting 
( T  + 2006 s e c )  

( 4 )  Second main-engine p r e s t a r t  (T + 2006 s e c )  through retromaneuver 
( T  + 3000 sec )  

The liquid-hydrogen tank on AC-4 w a s  extensively instrumented (see f i g .  1) 
The majori ty  of t he  following discus- with skin temperature measuring devices.  

sion, which defines the  behavior and in t e rac t ions  of  the l i q u i d  hydrogen with 
the  vehicle,  is  based pr imari ly  on these temperature data  and vehicle  dynamics 
data  received from downrange telemetry.  

F i r s t  MECO ( T  + 572.8 s e c )  t o  S t a r t  of Hydrogen Venting ( T  + 840 s e c )  

The vehicle  a t  MECO w a s  holding a f l i gh t -pa th  angle of approximately -0.02 
degree i n  p i t c h  and w a s  r o l l e d  counterclockwise approximately 15 degrees. (See 
f i g .  2 for  vehicle  coordinate system and a t t i t u d e  engine loca t ions . )  Rates of 
ro t a t ion  imparted t o  the  vehic le  following t h e  MECO t r a n s i e n t  were approximately 
-1.0 degree per second i n  p i tch ,  0.2 degree per second i n  yaw, and -0.5 degree 
per second i n  roll, as shown i n  f i g u r e  3. Coincident with MECO, t he  a t t i t u d e  
control  engines were enabled t o  funct ion and t h e  propel lan t  s e t t l i n g  engines 
were igni ted producing approximately 3x10'4 g. At t i tude  con t ro l  engines A-2 
and A-4 (shown i n  f i g .  2 )  were ac t iva t ed  immediately and burned f o r  1 .6  seconds 
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t o  n u l l  roll r a t e  below the  threshold of the control  system of 0 .2  degree per  
second. No other a t t i t u d e  control  engine a c t i v i t y  was observed u n t i l  T + 577.8 
seconds, 5 seconds a f t e r  MECO, when a programed change i n  the guidance s t ee r ing  
equations commanded a p i t c h  e r r o r  of -8 degrees (command nose down) and a yaw 
e r r o r  of -1 degree (command nose l e f t ) .  This maneuver w a s  designed t o  give the  
vehicle  an a t t i t u d e  p a r a l l e l  with t h e  l o c a l  horizontal  and i n  the plane of t he  
t r a j ec to ry .  
commands immediately, and the  desired a t t i t u d e  w a s  achieved within 16 seconds. 

At t i tude  con t ro l  j e t s  P-2, A-3, and A-4 responded t o  guidance 

Throughout the  remainder of the  controlled coast  ( t o  s ta r t  of hydrogen 
venting a t  T + 840 sec)  sporadic correct ions were observed i n  p i t c h  and roll, 
and a near ly-constant  duty cycle w a s  observed i n  yaw (see  f i g .  4 ) .  
control  operation w a s  more frequent than expected and w a s  probably a result of 

At t i tude  

(1) Unpredicted propel lant  behavior 

(2)  Ullage engine exhaust impinging on main engine b e l l s  and other compo- 
nents i n  the  t h r u s t  sec t ion  

(3) Misalinement of the  propel lant  s e t t l i n g  engine t h r u s t  vector  

The 30-percent duty cycle observed from the yaw r a t e  gyro ( f i g .  3), i s  am- 
p l i f i e d  i n  f igu re  5. 

The disturbance accelerat ions,  defined as t h e  s lope of the  curve where the  
a t t i t u d e  cont ro l  engines a r e  off ,  are an indicat ion of the  d is t rubing  torques 
ac t ing  on t h e  vehicle .  During the  control led coast  period, t he  disturbance ac- 
ce le ra t ions  averaged 0.012 degree per second, with r e su l t i ng  d is turb ing  torques 
of 100 t o  113 inch-pounds depending on the  chosen vehicle  mass moment of iner -  
t i a .  Ullage motor misalinement t o  maximum design tolerances and ca lcu la ted  i m -  
pingement forces  can account f o r  only 60 inch-pounds of torque. A center-of- 
g rav i ty  s h i f t  a t t r i b u t a b l e  t o  propel lant  locat ion i s  not stable, and the re  were 
no ind ica t ions  of hardware movement. Therefore, motor misalinement beyond de- 
s ign  tolerances and a t t i t u d e  con t ro l  engine thrusts below nominal t h r u s t s  could 
account f o r  the  r o t a t i o n a l  r a t e  responses observed. 

Immediately on enter ing the  coast  phase, t h e  propel lant  behavior w a s  char- 
ac te r ized  by a predominantly forward movement of l i q u i d  hydrogen i n  the  tank. 
Within 14 seconds following W O ,  a l l  temperature instruments on the  l i q u i d  hy- 
drogen tank sur face  ( see  f i g .  6) indicated the presence of l i q u i d  hydrogen. 
Forward bulkhead sk in  temperatures and the  liquid-hydrogen u l lage  gas temper- 
a t u r e  dropped abrupt ly  t o  l i q u i d  hydrogen temperatures within 4 .5  seconds, as 
shown i n  f igu re  7. This behavior of t h e  l i qu id  hydrogen can be a t t r i b u t e d  t o  
the following disturbances as i l l u s t r a t e d  i n  f igure  8: 

(1) Fuel-boost-pump volute-bleed spray toward  t he  forward end of the  tank 
during boost-pump coastdown 

( 2 )  Hydrogen-duct r ec i r cu la t ion - l ine  spray enter ing the tank a t  s t a t i o n  350 
on t h e  pos i t i ve  x-axis during boost-pump coastdown; t h i s  spray i s  d i -  
r ec t ed  across the  tank 
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(3) Residual slosh energy in the fluid at MECO 

(4) Springback of the intermediate bulkhead and lower cylindrical section 
of the tank by thrust termination at MECO 

(5) Backflow of mixed-phase hydrogen through the propellant ducting and 
boost-pump inlet at MECO, caused by a combination water-hammer effect 
from rapid valve closing, pressure surges from the main engine prior 
to engine inlet valve closing and expansion back to tank pressure and 
temperature of the high-energy liquid hydrogen trapped between the 
boost-pump and engine inlet valve 

(6) Energy associated with convective thermal currents in the fluid bound- 
ary layer set up during the boost and powered phases of flight 

The fuel-boost-pump volute-bleed-line flow was estimated to be initially 
about 340 gallons per minute. During pump coastdown, approximately 23 pounds 
of liquid hydrogen was returned to the tank. Similarly, the hydrogen-duct- 
recirculation-line return flow was estimated initially at about 40 gallons per 
minute maximum with 2.56 pounds of liquid hydrogen returned to the tank during 
pump coastdown. (See appendix A for boost-pump and flow-system descriptions. ) 

The possible energy inputs to the liquid hydrogen residual from these six 
disturbing sources have been estimated for the AC-4 flight as shown in table I. 

TABLE I. - POSSIBLE: ENERGY INF'UTS 

Source Energy level, 
f t -1b 

Fuel-boost-pump volute bleed 
Hydrogen-duct-recirculation line 
Slosh 
Bulkhead springback 
Backflow from propellant ducts 
Energy of boundary layer due to 
convective currents 

102 
35 
0 
0.12 
35 
1.07 

Further discussion and analysis of these disturbances is presented in appendix B. 

The initial displacement of the liquid hydrogen in the tank by these distur- 
bances appe.ared to be a wave moving forward along the positive x-axis and neg- 
ative y-axis as shown in figure 6. This wetting sequence is attributed to spray 
from the volute bleed along the positive x-axis and spray from the recirculation 
line hitting the negative x-axis, dispersing laterally, and wetting the negative 
y-axis in the forward direction. The wave motion then continued over the forward 
bulkhead. 

A l l  temperature sensors indicated liquid hydrogen from MECO until approxi- 
mately 50 seconds prior to venting. The propellant behavior at this time was 
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uncertain,  bu t  t he re  w a s  some evidence of drying toward t h e  forward end of t he  
tank, as sensors on t h e  pos i t i ve  y-axis began drying from the  top  ( f i g .  6 ) .  It 
may be conjectured t h a t  e i t h e r  the propellant s e t t l i n g  engines were beginning 
t o  s e t t l e  the  propel lan ts ,  or some l o c a l  skin drying w a s  occurring due t o  heat-  
t r a n s f e r  e f f e c t s .  

P i t ch  

0.4 
“500 

22% 

S t a r t  of Liquid-Hydrogen Venting (T  -I- 840 see)  

Yaw R o l l  

33 2 
4500 240 

228 180 

t o  Loss of Telemetry ( T  + 1100 see)  

The liquid-hydrogen vent valve w a s  programed i n  t h e  r e l i e f  mode ( i . e . ,  t h e  
The f u e l  valve would open a t  or above cracking pressure) a t  T + 614.4 seconds. 

tank pressure a t  t h i s  time w a s  w e l l  below t h e  valve cracking pressure,  bu t  by 
T + 840 seconds it had reached t h e  valve cracking pressure.  The first indica- 
t i o n s  of hydrogen venting were noted a t  t h i s  time. (See appendix A fo r  vent- 
system desc r ip t ion . )  

The presence of l i q u i d  hydrogen a t  t he  forward end of t h e  tank, however, 
r e s u l t e d  i n  mixed-phase or l i q u i d  flow through the  vent system. 
r a t e s  were high, and Venturi flow temperature dropped abruptly t o  l iqu id-  
hydrogen l e v e l s .  

Indicated flow 

Simultaneous with venting, as shown i n  f i g u r e  9, w a s  t h e  occurrence of a 
yaw torque input ,  which exceeded the  capab i l i t i e s  of t h e  a t t i t u d e  con t ro l  sys- 
tem and produced an increasing yaw r a t e  and vehic le  spin-up. 

A comparison of t h e  predicted vehic le  torques due t o  normal gaseous hydro- 
gen venting wi th  t h e  ac tua l  measured r e s u l t s  i s  shown i n  t a b l e  11. 

TABLE 11. - COMPARISON OF PREDICTED VEHICLE TORQUES WITH 

ACTUAL MEASURED RESULTS 
~~ 

Condition 

Inputs due t o  normal gaseous hydrogen venting 
Estimated torque inputs from AC-4 f l i g h t  da ta  

(maximum measured during coast)  
Predicted cont ro l  torques from a t t i t u d e  con- 

t r o l  system (based on center of gravity a t  
s t a t i o n  343) 

%aximum torque noted a t  T + 915 see was not a sustained torque. 

The uncontrollable yaw torque experienced during venting was c red i ted  t o  
l a r g e  l a t e r a l  impingement forces on t h e  forward bulkhead due t o  venting of l i q -  
uid of mixed-phase hydrogen. La te ra l  forces of 2 t o  10 pounds i n  t h e  forward 
bulkhead area  would have produced t h e  yaw torques noted. The predicted force  
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f o r  pure gaseous venting w a s  only 0.2 pound. 
and t h e  liquid-hydrogen u l lage  temperature ind ica ted  liquid-hydrogen tempera- 
tures pr ior  t o  and during venting. 
known quantity of l i q u i d  hydrogen w a s  l oca t ed  i n  t h e  forward end of t h e  tank i n  
s p i t e  of the f a c t  t h a t  an u l lage  s e t t l i n g  g rav i ty  of approximately 3x10'4 g 
had been applied t o  t h e  vehic le  f o r  about 267 seconds. 
t i o n  of uncontrolled vehic le  r a t e s  with vent periods i s  evident i n  f igu re  10. 

Forward bulkhead sk in  temperatures 

Thus, t h e  theory w a s  supported t h a t  an  un- 

Also, exce l len t  co r re l a -  

By T + 905 seconds, vehic le  roll had increased t o  0.2 degree per second, 
and the  yaw r a t e  had increased t o  -0.5 degree pe r  second, as shown i n  f igu re  9. 
A t  T + 915 seconds, a torquing t r a n s i e n t  i n  p i t c h  and roll coupled t h e  yaw 
s t ee r ing  error i n t o  t h e  p i t c h  channel causing t h e  roll and p i t c h  r a t e s  t o  r e -  
verse .  
-0.6 degree per second i n  p i t ch ,  and about -0.5 degree per  second i n  roll. 

By T +lo30 seconds, vehic le  r a t e s  were -2.4 degrees pe r  second i n  yaw, 

Hydrogen tank pressure from T + 840 t o  about T + 1055 seconds w a s  unsteady 
but remained within t h e  vent-valve operating range. 
fuel-tank pressure began a steady rise, ind ica t ing  a vent flow of increas ing  
l i q u i d  qua l i ty  t h a t  w a s  no longer of s u f f i c i e n t  volume t o  r e l i e v e  tank pressure.  
The cent r i fuga l  force  due t o  t h e  increased tumbling r a t e s  w a s  s e t t l i n g  some of 
t h e  l i q u i d  hydrogen i n  the  forward end of t h e  tank, and pure l i q u i d  w a s  being 
vented. 

A t  T + 1055 seconds, t h e  

Acquisition of Data (T + 1225  sec) t o  Complete 

Hydrogen Venting (T + 2006 sec) 

Reaquisition of da ta  a t  T + 1225 seconds, as shown i n  f igu res  1 1 a n d  1 2 ,  
ind ica ted  t h a t  t h e  liquid-hydrogen tank pressure,  vent flow r a t e s ,  and vehic le  
yaw rates were up sharply and increasing s t e a d i l y .  
comparison of vent flow r a t e s  i f  pure l i q u i d  or pure gas flow is  assumed. 
Again the  i n a b i l i t y  of the  tank pressure t o  r e l i e v e  under high ind ica ted  flow 
r a t e s  w a s  f u r the r  evidence of l i q u i d  vent flow, which, i n  turn,  produced an  
excessive yaw torque on the  vehic le .  

Figure ll a l s o  shows a 

These r a t e s  continued u n t i l  about T + 1366 seconds when the  tank pressure,  
which had reached 24 .2  pounds per square inch absolute,  suddenly s t a r t e d  t o  de- 
crease. There w a s  a l s o  evidence ( see  f i g .  ll) of l i q u i d  depletion a t  t h e  f o r -  
ward end of t h e  tank; t h a t  is ,  t he  Venturi flow r a t e  began a decreasing trend. 
Ullage and Venturi gas flow temperature data,  shown i n  f igu re  11, show a d i s -  
t i n c t  warming and liquid-to-vapor t r a n s i t i o n  i n  t h e  character of t h e  vent flow. 
The tank pressure decreased t o  t h e  operating range of t h e  number 1 vent valve 
by T + 1455 seconds. 

Vehicle motion during t h i s  time, obtained from t h e  resolver-chain output 
data,  indicated t h a t  t he  vehic le  w a s  tumbling predominantly i n  t h e  yaw plane 
with a s l i g h t  nose-high a t t i t u d e .  
a maximum of about 2 1  rpm a t  T + 1550 seconds, as shown i n  f igu re  12 .  
roll r a t e s  during t h i s  time, as shown i n  f igu re  13 var ied  i n  a random fashion. 
This random nature of t he  p i t c h  and roll r a t e s  i s  believed t o  be caused by t h e  
buildup and breakaway of s o l i d  hydrogen depos i t s  a t  the  vent e x i t  po r t s .  

The yaw r a t e  increased from about 8.5 rpm t o  
P i t c h  and 

Unpub- 
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l i s h e d  da ta  by General Dynamics/Convair has indicated t h a t  s o l i d  deposits can 
bu i ld  up a t  vent e x i t s  when a l i q u i d  or a liquid-vapor mixture is  vented i n t o  a 
vacuum. 

The dynamic response of the  vehic le  t o  apparent vent f l u i d  q u a l i t y  w a s  very 
pronounced. Trans i t ion  from venting of l i qu id  t o  venting of gas was coincident 
with a decreased r i s e  i n  yaw r a t e .  S igni f icant ly ,  however, t h e  vent impingement 
forces  continued t o  spin-up t h e  vehic le  from about T + 1450 t o  T + 1550 seconds 
(about 100 sec a f t e r  t h e  Venturi flow indicated nominal coast-phase gas flow 
r a t e ) .  This l a g  w a s  a t t r i b u t e d  t o  t h e  purging of r e s i d u a l  l i q u i d  hydrogen i n  
t h e  vent system downstream of t h e  Venturi and sublimation of poss ib l e  i c e  de- 
p o s i t s  b u i l t  up on t h e  forward bulkhead. 

During t h e  t o t a l  coast-vent period, from T + 840 t o  T + 2006 seconds, it 
w a s  estimated t h a t  960 pounds of hydrogen were vented overboard and t h a t  about 
120 pounds of l i q u i d  remained i n  t h e  tank a t  T + 2006 seconds. 
sors ind ica ted ,  as shown i n  f igu re  6, t h a t  the forward end of t h e  tank w a s  dry; 
however, tank-skin temperature sensors below s t a t i o n  344 on t h e  p o s i t i v e  x-axis 
and t h e  boost-pump i n l e t  temperatures remained a t  l i q u i d  l eve l s ,  i nd ica t ing  some 
s l i g h t  r e s i d u a l  a t  t h e  bottom of the  tank and i n  the  sump. 

Temperature sen- 

Second Engine P r e s t a r t  (T + 2006 sec)  t o  End 

of Retromaneuver (T + 3000 see) 

The p r e s t a r t  sequence f o r  t he  second Centaur main engine start  (MES) began 
a t  approximately T + 2006 seconds with t h e  vent-valve lockup and i n i t i a t i o n  of 
tank burp. A t  t h i s  time, however, as shown i n  f i g u r e  14, t h e  l i q u i d  hydrogen 
u l lage  temperature dropped from approximately -380' t o  -420' F. Apparently, a 
s m a l l  quant i ty  of l i q u i d  hydrogen remained i n  t h e  forward end of t h e  tank and 
w a s  en t ra ined  with t h e  helium pressur iz ing  gas as it blew across t h e  forward 
bulkhead. 

The liquid-hydrogen boost-pump s t a r t ,  as shown i n  f i gu re  15, began a t  about 
T + 2010 seconds. 
f o r  t h e  f i rs t  7 seconds of pump operation. Coincident with a drop i n  pump-inlet 
pressure and liquid-hydrogen u l lage  pressure, t h e  pump headrise became e r r a t i c ,  
ind ica t ing  the  occurrence of cav i t a t ion  o r  vapor pullthrough. By T + 2025 sec- 
onds boost-pump headrise had peaked-out a t  about 25 pounds per square inch d i f -  
f e r e n t i a l ,  and u l l age  pressure had dropped t o  approximately 14  pounds per square 
inch absolute.  Within 5 seconds, headrise dropped t o  2 pounds per square inch 
d i f f e r e n t i a l  and boost-pump over-speed t r ip-out  occurred, i nd ica t ing  an absence 
of l i q u i d  a t  t h e  pump i n l e t .  

Boost-pump headrise (AP) appeared normal ( l i q u i d  being pumped) 

The l i q u i d  hydrogen remaining i n  the  tank by T + 2010 seconds had been r e -  
The decay of t h e  duced d r a s t i c a l l y  as a result of l i q u i d  venting during coast .  

liquid-hydrogen u l l age  pressure a t  boost-pump s ta r t  can probably be a t t r i b u t e d  
t o  t h e  cooling of t he  l a r g e  u l lage  by the  liquid-hydrogen boost-pump volu te  
bleed spray. 
l i q u i d  hydrogen i s  ex t rac ted  from the  u l lage  gas and ( 2 )  t h e  i n i t i a l  u l lage  tem- 

If it i s  assumed t h a t  (1) a l l  the heat required t o  vaporize the  
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pera ture  is  60' t o  65' R, then vaporizing approximately 15 t o  1 7  pounds of t he  
sprayed l i qu id  hydrogen would produce t h e  pressure drop noted. Calculations 
a l s o  indicated t h a t  t h e  boost pwnp sprayed approximately 30 pounds of l i q u i d  
hydrogen back i n t o  t h e  tank during t h i s  t i m e .  

The command f o r  t h e  second MES occurred a t  T + 2049.7 seconds. In su f f i -  
c i e n t  l i q u i d  hydrogen, as previously discussed, was ava i l ab le  t o  s u s t a i n  boost- 
pump operation and the  normal engine s ta r t  d id  not occur. 

Even though the  l i q u i d  hydrogen vent  valve w a s  locked up a t  burp, t h e  
liquid-hydrogen tank pressures remained low throughout t h e  planned second en- 
gine burn period. 
began t o  increase a t  about 2.8 pounds per square inch per minute. Heat-transfer 
calculations show that t h i s  pressure- r i se  r a t e  would be assoc ia ted  wi th  a f u l l  
tank of hydrogen gas. A t  T + 2385 seconds, t he  hydrogen tank pressure reached 
t h e  cracking pressure of t he  secondary vent valve and it re l i eved  momentarily; 
2 seconds l a t e r ,  the  r e t r o t h r u s t  s igna l  w a s  commanded, and t h e  engine in le t  
valves were opened. This allowed t h e  l i q u i d  oxygen and l i q u i d  hydrogen tanks t o  
blow down and should have produced an axial t h r u s t  of approximately 30 pounds. 
Propellant tank pressures with l i q u i d  remaining i n  t h e  tanks should have re- 
mained f a i r l y  steady, being sustained by b o i l o f f  gases. The absence of r e s i d -  
u a l  l i q u i d  hydrogen, however, r e su l t ed  i n  t h e  hydrogen tank pressure dropping 
off ra ther  rap id ly ,  as shown i n  f igu re  16, t o  3 pounds per square inch absolute 
a t  T + 3000 seconds. Liquid oxygen tank pressure,  though, remained f a i r l y  con- 
s t a n t  indicating t h a t  a quant i ty  of l i q u i d  oxygen s t i l l  remained i n  t h e  tank and 
t h a t  t h e  boi lof f  w a s  s u f f i c i e n t  t o  maintain tank pressure.  Actual t h r u s t  l e v e l s  
produced by t h e  engine blowdown, however, could not be assessed because t h e  da ta  
were obscured by the  vehic le  spinning motion. 

A t  second MECO, t he  liquid-hydrogen tank pressure r ap id ly  

A t  the end of t h e  engine blowdown, t h e  engine i n l e t  valves were closed and 
the  tank pressure recovered gradually on subsequent o r b i t s ,  being influenced by 
so la r  heating and vehic le  pos i t i on  i n  and out of t he  Ear th ' s  shadow. The ve- 
h i c l e  impacted i n  t h e  South Pac i f i c  Ocean a f t e r  completing 10  o r b i t s .  

CONCLIDING REMARKS 

The Atlas-Centaur AC-4 f l i g h t  revealed some problems of cryogenic propel- 
l a n t  management assoc ia ted  with attempts t o  obta in  multiple engine starts. From 
the  f l i g h t  data,  t h e  following observations were made: 

1. A s i g n i f i c a n t  amount of k i n e t i c  energy w a s  imparted t o  t h e  propel lan ts  
by the  engine shutdown t r a n s i e n t s .  This, i n  turn ,  caused motion of t he  f u e l  i n  
the  tank. Viscous damping w a s  i n s u f f i c i e n t  t o  d i s s i p a t e  t h e  energy imparted t o  
t h e  fue l ,  and the  propel lan t  s e t t l i n g  t h r u s t  w a s  inadequate t o  s e t t l e  t h e  pro- 
p e l l a n t s .  

2 .  The presence of l i q u i d  propel lan t  near t h e  vent p o r t  r e s u l t e d  i n  l i q u i d  
or mixed-phase flow through the vent system. 
pinged on t h e  forward bulkhead, which produced a yaw torque far beyond t h e  r e -  
covery capabi l i ty  of t he  a t t i t u d e  cont ro l  system, and caused t h e  vehic le  t o  

The g r e a t l y  increased flow i m -  

a 
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tumble in yaw. The formation of solids in the process of venting liquid or 
mixed-phase flow may have occurred, which tended to block the vent passage un- 
evenly and further contribute to vehicle instability. The data correlation be- 
tween vehicle motion and venting periods was excellent. 

3. The command for the main-engine prestart sequence and second main-engine 
start was properly given by the programer. 
mand, but operated erratically as a result of cavitation. The absence of liquid 
fuel in the feed lines precluded a successful second engine start. 

The fuel boost pump started on com- 

The AC-4 flight demonstrated that forces other than molecular forces played 
the dominant role in determining propellant behavior even though an ullage set- 
tling force sufficient to overcome the molecular forces was provided. 
the work to date in predicting low-gravity propellant behavior has been concen- 
trated on molecular forces. It appears that a refocusing of attention to the 
effects of induced transient forces would yield greater insight and understand- 
ing in the area of propellant management. 

Most of 

The AC-4 flight has revealed many areas in need of attention. Among these 
are 

1. Attenuation of transient disturbances during engine shutdown and re- 
start 

2. Evaluation of the effectiveness of energy-dissipation devices 

3. Determination of the propellant settling thrust level required in rela- 
tion to the magnitude of the expected disturbances 

4. Development of means of gaseous venting when venting is required, in a 
true nonpropulsive mode to ensure vehicle stability 

Studies and optimizations in these areas would be helpful in the design of 
future space vehicle utilizing cryogenic propellants and capable of multiple 
engine starts. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, August 13, 1965. 
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APPENDIX A 

VMICLE AND SYSTEM DESCRIPTIONS 

General Vehicle Description 

The Atlas-Centaur vehicle,  as shown i n  f igure  1 7  i s  e s s e n t i a l l y  a two and 
one-half s tage  vehic le  whose operat ional  purpose i s  t o  place a Surveyor space- 
c r a f t  on a luna r  in te rcept .  

The f i r s t  s tage  i s  an A t l a s  i n t e rcon t inen ta l  b a l l i s t i c  missi le  whose t a -  
pered nose sec t ion  has been modified t o  a constant 10-foot diameter. 
e igh t  500-pound-thrust re t rorockets  have been added t o  the  a f t  s ec t ion  t o  in -  
crease the r a t e  of separat ion from Centaur. 
s t a i n l e s s - s t e e l  s t ruc tu re  maintaining i t s  i n t e g r i t y  through i n t e r n a l  pressur-  
i za t ion .  The f i rs t  s tage,  which weighs about 262 500 pounds a t  l i f t - o f f ,  con- 
s is ts  of a j e t t i sonab le  booster sect ion,  t h e  sus ta iner  and propel lant- tank sec- 
t i on ,  and t h e  in t e r s t age  adapter .  Its propulsion system includes two booster 
engines, a sus ta iner  engine, and two s m a l l  vern ie r  engines. 
t h r u s t  of t h e  f i v e  engines i s  approximately 389 000 pounds, with a l l  engines 
capable of gimballing f o r  d i r ec t iona l  cont ro l .  

Also, 

The tank i s  a f u l l y  monocoque 

Tota l  l i f t - o f f  

The Centaur s tage  i s  t h e  na t ion ' s  f i rs t  hydrogen-fueled space booster.  The 
tank s t ruc ture ,  l i k e  the  A t l a s ,  i s  a thin-walled 301 s t a in l e s s - s t ee l ,  monocoque 
cyl indrical-sect ion s t ruc tu re ,  p ressure-s tab i l ized  t o  maintain i t s  shape. The 
cy l indr ica l  port ion i s  capped on each end by an e l l i p t i c a l l y  shaped s t a i n l e s s -  
s t ee l  bulkhead. A double-walled e l l i p s o i d a l  inner  bulkhead separates  t he  l i q -  
u id  oxygen and l i q u i d  hydrogen tanks.  Vehicle t h r u s t  i s  provided by two 15 000- 
pound-thrust turbopump-fed regenerat ively cooled engines, t h a t  use l i q u i d  oxygen 
and l i qu id  hydrogen as propel lan ts .  Proper n e t  pos i t i ve  suc t ion  head (NPSH) f o r  
t h e  engine turbopumps i s  provided by boost pumps from each propel lan t  tank. 

AC-4 Nonpropulsive Vent System 

The AC-4 nonpropulsive vent  system, as shown i n  f igu re  18, cons i s t s  of a 

Gaseous hydrogen flow from the  tank  through t h e  
standpipe, Venturi flowmeter, two vent  valves, and a plenum, with opposing e x i t s  
i n  the  vehicle p i t c h  plane.  
standpipe w a s  measured by the  ca l ib ra t ed  Venturi. 
regulated by t h e  number 1 vent  valve (19.5 t o  20.5 ps i a )  during f l i g h t ,  wi th  t h e  
number 2 valve (24.8 t o  26.8 ps i a )  ac t ing  only i n  the  safe ty  r e l i e f  mode. The 
number l v a l v e  w a s  capable of being placed i n  a locked or  r e l i e f  mode t o  sched- 
u l e  periods of vent and des i red  tank pressure l eve l s .  During boost, vent flow 
w a s  di rected through a vent  s t ack  loca ted  on t h e  nose f a i r i n g  as shown. A t  nose 
f a i r i n g  j e t t i son ,  t he  ducting from t h e  plenum t o  t h e  vent  s t ack  and a cap on t h e  
opposing vent e x i t  were disconnected, allowing venting i n  t h e  nonpropulsive mode 
through the plenum ex i t s .  With gaseous hydrogen flow, torques imparted t o  t h e  
vehic le  during vent  periods were predic ted  a t :  
inch-pounds i n  yaw, and 2 . 0  inch-pounds i n  r o l l .  

Hydrogen tank pressure w a s  

0.4 inch-pound i n  p i t ch ,  33.0 
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Propellant Feed System 

The Centaur vehicle  propel lant  feed system i s  composed of t h ree  main items 
of hardware: propel lan t  ducting, boost pumps, and r ec i r cu la t ion  l i n e s .  The 
f u e l  system only i s  described herein s ince  the primary problem concerns the con- 
t r o l  of l i q u i d  hydrogen during the  coast  phase. A schematic diagram of the  f u e l  
supply system configuration on Atlas-Centaur (AC-4) i s  shown i n  f igu re  1 9 .  The 
f u e l  boost pump i s  mounted t o  an elbow sump on the s ide  of t he  f u e l  tank. 
main f u e l  supply l i n e  i s  a Y configuration with the  common l i n e  mating with the  
boost-pump discharge flange, and branch l i n e s  t o  each engine i n l e t .  A rec i rcu-  
l a t i o n  l i n e  a t taches  t o  each branch l i n e  j u s t  above the  engine i n l e t  t o  bleed 
off  trapped gases i n  the  ducting and thereby permit l i q u i d  a t  t he  engine i n l e t  
p r i o r  t o  l i f t - o f f .  

The 

The boost-pump u n i t  cons is t s  of a cent r i fuga l  pump t h a t  i s  driven by a hy- 
drogen peroxide turbine constant power (18 hp) dr ive .  
requires  a NPSH of approximately 0.1 pound per square inch t o  be provided t o  
prevent cavi ta t ion .  The dr ive  has a speed l imi t ing  system t h a t  controls  t he  
turbine speed by opening and closing a valve i n  the  peroxide feed l i n e .  I n  t h e  
event t h a t  t h e  dr ive  speed reaches a predetermined upper l i m i t ,  t h e  peroxide 
supply valve i s  automatically closed, thereby cu t t i ng  off  a l l  power t o  the  t u r -  
bine. The supply valve remains closed as the turb ine  coasts  down t o  a predeter-  
mined speed, a t  which time the  valve i s  automatically opened again and peroxide 
flow is  resumed. This cycling w i l l  continue inde f in i t e ly  u n t i l  normal operation 
i s  obtained, or u n t i l  t he  u n i t  i s  in ten t iona l ly  shut  down by command. 

The pump spec i f i ca t ion  

The f u e l  pump is  provided with a volute  bleed l i n e  t h a t  bypasses l i q u i d  hy- 
drogen around t h e  impeller and permits the  pump t o  operate without cav i t a t ion  
during "deadhead" operation (no flow t o  the  main engines). This bleed flow is  
accomplished by s l o t t e d  openings cas t  i n t o  the impeller housing on the  discharge 
end. The impeller housing is  enclosed by a co l lec tor  manifold provided with a 
1-inch o u t l e t  l i n e  t h a t  has a 13/16-inch o r i f i ce  t o  meter the  bypass flow. When 
the  pump i s  i n s t a l l e d  i n t o  t h e  elbow sump the 1-inch o u t l e t  l i n e  protrudes i n t o  
a 2-inch sump-mounted bypass l i n e  t h a t  d i rec ts  the  bleed flow away from pump in -  
l e t  and back i n t o  the  hydrogen tank. 

The primary purpose of the  boost pump i s  t o  supply l i q u i d  hydrogen t o  the  
RL10-A3 engines with the required NPSH f o r  a l l  phases of engine operation. To 
guarantee adequate NPSH t o  support the  engine start  t r ans i en t ,  t h e  boost pump 
i s  s t a r t e d  seve ra l  seconds i n  advance of the  in - f l i gh t  chilldown ( p r e s t a r t )  and 
MES. In  t h e  per iod between boost-pump s ta r t (BPS)  and p res t a r t ,  t he  engine i n l e t  
valves remain closed, and the  boost pump accelerates  t o  normal speed, where it 
operates i n  a "deadhead1' mode w i t h  only the  small flow through the r ec i r cu la t ion  
l i n e  passing through the  pump discharge. This flow has been estimated a t  40 t o  
50 gal lons pe r  minute during the  time j u s t  p r ior  t o  p re s t a r t .  Although t h e  pump 
discharge flow i s  only 40 gallons per minute, an addi t iona l  340 gal lons of l i q -  
u i d  hydrogen per  minute i s  returned t o  the  tank by the  volute  bypass l i n e  during 
the"deadhead" period. 
valves open allowing an addi t iona l  375 gallons per minute t o  flow overboard f o r  
i n - f l i g h t  chilldown of the  main engine pumps. A t  MES, the  cooldown valves c lose,  
t he  main f u e l  shut-off valves open and engine s ta r t  occurs. For s teady-s ta te  

A t  p r e s t a r t ,  t he  main engine i n l e t  valves and cooldown 
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engine operation, the boost pump delivers 1210 gallons per minute to the engines, 
approximately 50 gallons per minute is returned to the tank by the recirculation 
line, and approximately 240 gallons per minute is returned to the tank by the 
volute bypass line. At MECO, the engine inlet valves close, and the boost pm1p 
assumes the deadhead mode of operation. Simultaneous with MFCO, the boost pump 
is shut down. 
the boost pump to continue rotating for several seconds (coastdown time varies, 
depending on whether or not liquid is retained at the pump inlet during the 
coast period). 

The inertia of the rotating turbine and pump at shutdown causes 

The period of boost-pump operation, which is of primary interest as far as 
propellant behavior is concerned, is the coastdown period following MECO. Dur- 
ing this period the pump continues to deliver liquid hydrogen back into the 
tank by the volute and recirculation lines at flow rates that decrease with tur- 
bine speed. This return flow contributes significantly to the disturbances in 
the liquid hydrogen that must be dissipated prior to venting of the tank. 

Engine System 

A schematic drawing of the engine system plumbing is shown in figure 20. 
The major components of interest are the following valves: 

(1) Fuel pump inlet shutoff valve 

(2) Fuel pump interstage cooldown and bleed valve 

(3) Fuel pump discharge cooldown and bleed valve 

(4) Main fuel shutoff valve 

These valves are of primary interest because of the sequencing at engine 
shutdown, which is illustrated in figure 21. Note that the fuel pump inlet 
shutoff valve remains open after the main fuel shutoff valve is closed, which 
permits a short-duration high-pressure surge of hydrogen to backflow through 
the inlet valve and subsequently back to the tank by the fuel supply ducting 
and boost pump. The cooldown and bleed valves are opened before the main fuel 
shutoff valve is fully closed to prevent excessive pressure buildup in the sys- 
tem. Similarly, the inlet valve remains fully open for approximately 0.1 second 
after the main shutoff valve is fully closed. The inlet valve has a closing 
time of approximately 389 milliseconds (ref. 6). 
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APPENDIX B 

CALCUTION OF ENERGY LEVELS 

Fuel-Boost-Pump Volute Bleed Flow at First E O  

The flow rate as a function of time for the volute bleed flow may be cal- 
culated from the boost-pump headrise data (fig. 22) if it is assumed that the 
pressure drop across the bleed-line orifice is directly proportional to pump 
headrise. The flow equation is then 

Q Q = K-E or - - 
*-K 

where 

Q flow rate, gal/min 

K constant of proportionality 

AP pump headrise, psi 

The flow rate was determined from ground t e s t s  to he approximztely 340 gallem 
per minute at a corresponding headrise of 28 pounds per square inch. 
known initial conditions, the flow rate for any other given headrise can be de- 
termined from 

With these 

where 

subscript 1 initial known conditions 

subscript 2 any other conditions 

The instantaneous weight flow rate 
(B2) with the appropriate conversion factors. 
density of 4.32 pounds per cubic foot is assumed, 

$ (lb/sec) may be calculated from equation 
If a constant liquid-hydrogen 

= 0.613 033) 

The total weight of liquid hydrogen 
line during the post-MECO coastdown is 

W (pounds mass) through the volute bleed 
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which represents t h e  area under t h e  curve shown i n  f igu re  23. 
from t h e  2-inch-diameter vo lu te  bleed l i n e  a t  any time i s  

The e x i t  ve loc i ty  

W ve = - =  10.61 
PA 

where 

V, e x i t  ve loc i ty ,  f t / s ec  

instantaneous weight flow r a t e ,  lb/sec 

3 
p l i q u i d  density,  l b / f t  

A e x i t  area of l i n e ,  f t 2  

The incremental k ine t i c  energy associated with a given amount of l i q u i d  pumped 
i n  a f i n i t e  time period i s  

( f t - l b )  1 6W f2 6KE = - - 2 g av 

where 

6W incremental weight of f l u i d  pumped, l b  mass 

Vav average e x i t  ve loc i ty  of f l u i d  within f i n i t e  time span of i n t e r e s t  

Since the  o u t l e t  ve loc i ty  and, therefore,  k i n e t i c  energy, va r i e s  over a l a r g e  
range during the coastdown, a numerical i n t eg ra t ion  w a s  performed by using 
s m a l l  increments of time t o  ca l cu la t e  t h e  t o t a l  k ine t i c  energy input t o  t h e  tank 

The headrise curve of f igu re  22 and the  formulas given i n  equations (Bl) 
t o  (B6) were used t o  ca l cu la t e  t he  t o t a l  l i q u i d  hydrogen returned t o  the  tank 
and the  k ine t ic  energy. Results show t h a t  22 .7  pounds of l i q u i d  hydrogen were 
returned i n  t h e  20-second coastdown period with a t o t a l  k i n e t i c  energy of 
1 0 2  f O O t  -pounds. 

Fuel-Recirculation-Line Flow a t  F i r s t  MECO 

The rec i rcu la t ion- l ine- f low has been estimated between 40 and 50 ga l lons  
per minute a t  a corresponding headrise across  the  boost pump of 28 pounds per 
square inch  d i f f e r e n t i a l .  For t h e  purpose of t he  following ca lcu la t ions ,  t h e  
lower figure of 40 gallons pe r  minute w a s  used. The r e c i r c u l a t i o n  l i n e  out- 
s i d e  diameter as it enters  the  tank a t  s t a t i o n  350 i s  0.625 inch with a w a l l  
thickness o f  0.035 inch, which represents  a flow area  of 0.2415 square inch. 

The same method and equations developed f o r  t h e  volute-bleed-flow ca lcu la-  
t i o n s  of the previous sec t ion  may be u t i l i z e d  f o r  t h e  rec i rcu la t ion- l ine- f low 
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ca lcu la t ions .  
t i o n s  : 

Changing t h e  necessary constants r e s u l t s  i n  t h e  following equa- 

The weight f low r a t e  as a function of t i m e  i s  p l o t t e d  i n  f igu re  24. C a l -  
cu la ted  results t h a t  use t h i s  data ind ica te  a t o t a l  of 2.56 pounds of l i q u i d  hy- 
drogen re turned  t o  the  tank during t h e  20-second coastdown period, with a t o t a l  
k i n e t i c  energy of 35 foot-pounds. 

Backflow Through Boost-Pump Inlet 

A rigorous t h e o r e t i c a l  ana lys i s  of the  a c t u a l  k ine t i c  energy l e v e l  of t h e  
f l u i d  backflow i n t o  t h e  tank i s  v i r t u a l l y  impossible because of t h e  many v a r i -  
ab les  and unknowns involved. 
f i lms taken during low-liquid-level engine shutdowns of s t a t i c  t e s t s .  A camera 
w a s  loca ted  a t  t h e  top of t h e  tank s o  t h a t  a view of t h e  boost-pump i n l e t  a r e a  
was obtained. Films from three  s t a t i c  t e s t s  were analyzed t o  e s t a b l i s h  an av- 
erage ve loc i ty  of t h e  backflow wave at. shutdom of 31.74 f e e t  per secenc?. 

However, an estimate w a s  obtained by u t i l i z i n g  

It w a s  assumed t h a t  t h e  worst condition ex i s t ed  i n  which a l l  t h e  l i q u i d  

The t o t a l  volume of the  ducts is  approximately 0.5235 
trapped i n  t h e  f u e l  duct between t h e  engine i n l e t  valves and t h e  boost-pump w a s  
returned t o  t h e  tank. 
cubic foo t .  Therefore, t h e  mass returned t o  t h e  tank i s  

Volume) (Density) - (0.5235 f t3 )  (4.32 lb / f t3)  = o. 0703 slug 
2 Mass = ( - 

32.2 f t / s ec  Gravity 

The k i n e t i c  energy associated with the  mass of l i q u i d  is  

2 
(0.0703) (31.74) = 35.15 f t - l b  1 2  K E = - W  = -  

2 2 

Bulkhead Springback 

The energy assoc ia ted  with t h e  intermediate bulkhead springback a t  MECO w a s  
ca lcu la ted  as follows: 
engine cu tof f  is t ransmi t ted  i n t o  k i n e t i c  energy of t h e  f l u i d .  Then 

Assume a l l  s t r a i n  energy i n  t h e  bulkhead j u s t  p r i o r  t o  
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where 

PE po ten t i a l  energy or s t r a i n  energy of bulkhead 

KE k ine t i c  energy of f l u i d  

K intermediate bulkhead spr ing  constant,  2.  O6X1O6 lb / in .  (ca lcu la ted  from 
r e f .  7 )  

X def lec t ion  of intermediate bulkhead due t o  a x i a l  force ,  i n .  

The a x i a l  force on t h e  bulkhead a t  E O  i s  equal t o  t h e  mass of l i q u i d  hydrogen 
times the  acce lera t ion :  

Axial force  = F = 1084 l b  m a s s  LH2 X 2.25 g ' s  = 2450 l b  

The a x i a l  force i s  a l s o  

F = K X  

or  

x = F/K 

the re fo r  e, 

- = 1.455 i n . - l b  = 0.122 f t - l b  - - 6X106 

4.  12XlOb 

Propellant Sloshing 

Although a ca re fu l  ana lys i s  of r a t e  gyro da ta  from AC-4 revealed t h a t  pro- 
p e l l a n t  sloshing w a s  i n s i g n i f i c a n t  p r i o r  t o  main engine cu tof f ,  it should not be 
ignored as a p o t e n t i a l  source of disturbance. For t h e  AC-4 Configuration, t h e  
na tu ra l  frequency of t h e  l i q u i d  hydrogen would be 4.6 radians per second with a 
wave velocity,  up the  w a l l ,  as high as 2 .5  f e e t  per second f o r  a 10-degree slosh 
angle. 

Propellant s losh ing  may have been a problem during the  low-thrust coast  
phase of AC-4. The n a t u r a l  frequency i n  t h e  l i q u i d  hydrogen tank under 4 pounds 
of t h r u s t  would be 0.053 rad ian  per second, with a period of approximately 
120 seconds. Sloshing during t h e  coast  phase could not be detected because of 
t h e  l a r g e  number of energy inputs t o  t h e  tank and t h e  r e s u l t i n g  disturbances 
( r e f s .  8 and 9 ) .  
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Thermal Boundary Layer Energy 

During ground hold and powered f l i g h t ,  thermal convective currents  are es- 
tab l i shed  i n  t h e  boundary l aye r  due t o  environmental heating. When the vehic le  
acce lera t ion  i s  suddenly reduced a t  MECO, it is  believed tha t  t he  boundary l aye r  
would continue t o  move forward against  a weak acce lera t ion  f i e l d .  To e s t a b l i s h  
the  upper l i m i t  of t he  k ine t i c  energy content t h e  following equations from r e f -  
erence 10 were u t i l i z e d .  
Centaur f u e l  tank would be equivalent t o  tha t  of a f l a t  p l a t e :  

It w a s  assumed t h a t  t h e  boundary l a y e r  within t h e  

= 5.7826 (K) gpqw 5/14 ($-) 4/21 (2.2442 + Pr 2/3)-5/14 

where 

U 

U 

Y 

6 

X 

g 

P 

qW 

C 

pB 

l o c a l  ve loc i ty  i n  boundary layer ,  f t /sec 

equivalent f r e e  stream ve loc i ty ,  f t / sec  

hor izonta l  d i s tance  from tank w a l l ,  f t  

boundary-layer thickness , f t  

v e r t i c a l  d i s tance  i n  tank, f t  

acce le ra t ion ,  f t / s e c  2 

volumetric coe f f i c i en t  of thermal expansion, 1/'R 

u n i t  area heat  f l ux  a t  tank w a l l ,  Btu/(f t  ) ( s e e )  

spec i f i c  heat  , Btu/( lb) (%) 

f l u i d  mass densi ty  a t  bulk f l u i d  condition, l b / f t 3  

2 
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Pr Prandtl number 

v kinematic vis cos i ty , f t2/s ec 
Figures 25 and 26 were plotted by using the preceding equations for the condi- 
tions existing in the Centaur fuel tank at MECO. 
in establishing these curves: 

g 

j3 = 0.0106/0R 

qw = 0.029 Btu/(sec) (ft') 

C = 1.5 Btu/(lb) (9) 

The following values were used 

= 2.25 X 32.2 ft/sec2 = 72.5 ft/sec 2 

= 4.3 lb mass/ft 3 
PB 

Pr = assumed unity 

v = 1.93X10-6 ft2/sec 

Utilizing these two curves and a liquid depth at MECO of 5.5 feet results 
in a boundary-layer thickness of 1.9 inches at the liquid-vapor interface and a 
corresponding boundary-layer velocity of 0.92 feet per second. 
boundary-layer thickness is 1.34 inches. Using the average boundary-layer 
thickness and the maximum boundary layer velocity results in 

The average 

Mass in boundary layer: 

Dens ity) (Volume) Mass = ( Gravity 

- (4.3 lb/ft3)(0.112 ft)(5.5 ft) (31.4 ft) 
32.2 

- 

= 2.58 slugs 

Kinetic energy: 

18 

KE = - 1 (Mass)(Velocity)' 
2 

= 1 (2.58)(0.92) 2 
2 

= 1-07 ft-lb 
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Figure 1. - AC-4 hydrogen tank external skin temperature measurements. 
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Figure 3. - Concluded. 
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Figure 13. - AC-4 vehicle rotational rates du r ing  coast. 

31 



Time from lift-off, sec 

Figure 14. - AC-4 liquid-oxygen and liquid-hydroyen ullage temperatures. 
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Figure 15. - Hydrogen tank pressure and boost-pump performance at second main engine 
s tar t  
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Figure 16. - AC-4 liquid-oxygen and liquid-hydrogen tank pressures. 
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Figure 22. - Fuel-boost-pump headrise as function of time for post- 
main engine cutoff coastdwn. 
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Figure 23. - Fuel-boost-pump volute-bleed flw rate as a function of 
time for post-main engine cutoff coastdown. 
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Figure 25. - Boundary-layer thickness and maximum velocity as func- 
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Figure 26. - Boundary-layer velocity as funct ion of distance from tank wall. 
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